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Abstract: This study examines seasonal variations of the vertical distribution of aerosols 31 

through a statistical analysis of the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 32 

Observations (CALIPSO) lidar observations from June 2006 to November 2007. A data-33 

screening scheme is developed to attain good quality data in cloud-free conditions and 34 

the polarization measurement is used to separate dust from non-dust aerosol. The 35 

CALIPSO aerosol observations are compared with aerosol simulations from the Goddard 36 

Chemistry Aerosol Radiation Transport (GOCART) model and aerosol optical depth 37 

measurements from the MODerate resolution Imaging Spectroradiometer (MODIS). The 38 

CALIPSO observations of geographical patterns and seasonal variations of aerosol 39 

optical depth (AOD) are generally consistent with GOCART simulations and MODIS 40 

retrievals especially near source regions, while the magnitude of AOD shows large 41 

discrepancies in most regions. Both the CALIPSO observation and GOCART model 42 

show that the aerosol extinction scale heights in major dust and smoke source regions are 43 

generally higher than that in industrial pollution source regions. The CALIPSO aerosol 44 

lidar ratio also generally agrees with GOCART model within 30% on regional scales. 45 

Major differences between satellite observations and GOCART model are identified, 46 

including (1) an underestimate of aerosol extinction by GOCART over the Indian sub-47 

continent, (2) much larger aerosol extinction calculated by GOCART than observed by 48 

CALIPSO in dust source regions, (3) much weaker in magnitude and more concentrated 49 

in the lower atmosphere in CALIPSO observation than GOCART model and MODIS 50 

observation over transported areas in mid-latitudes, and (4) consistently lower aerosol 51 

scale height by CALIPSO observation than GOCART model. Possible factors 52 

contributing to these differences are discussed. 53 
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1.  Introduction 54 

Aerosol, also known as particulate matter (PM), can have significant impacts on 55 

air quality, weather, and climate [Ostro et al., 1999; McCormick and Ludwig, 1967; 56 

Twomey, 1977; Hansen et al., 1997]. Assessing these impacts requires an adequate, 57 

observational characterization of large temporal and spatial (both horizontal and vertical) 58 

variations of aerosol. The emerging capability of satellite remote sensing provides an 59 

unprecedented opportunity to advance the understanding of aerosol-air quality-climate 60 

linkages. Recent improvements in satellite remote sensing mainly aerosol optical depth  61 

(AOD) from passive sensors such as the Moderate resolution Imaging Spectroradiometer 62 

(MODIS) [Remer et al., 2005; Levy et al., 2007] and Multiangle Imaging 63 

Spectroradiometer (MISR) [Kahn et al., 2005], have resulted in strong observational 64 

constraints for the aerosol direct effect on solar radiation in cloud-free conditions and at 65 

the top-of-atmosphere (TOA) [e.g., Chen et al., 2009; Remer and Kaufman, 2006; Yu et 66 

al., 2004, 2006]. Satellite AOD data have also been used to enhance the surface air 67 

quality monitoring networks for air quality forecast [e.g., Al-Saadi et al., 2005] and to 68 

provide observation-based estimates of the long-range transport of aerosol [Kaufman et 69 

al., 2005; Yu et al., 2008]. However, passive sensors mainly provide total column 70 

quantities in clear scenes with little information on the vertical distribution of aerosols. 71 

As a result, current assessments of aerosol impacts on climate and air quality rely largely 72 

on model simulations of aerosol vertical distributions that differ by up to an order of 73 

magnitude among models [Barrie et al., 2001; Lohmann et al., 2001; Textor et al., 2006], 74 

and remain very uncertain [Corbin et al., 2002; Schulz et al., 2006; Yu et al., 2002]. 75 
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Because of the recent launch of the Cloud-Aerosol Lidar and Infrared Pathfinder 76 

Satellite Observations (CALIPSO), the first-ever, continuous multi-year global aerosol 77 

profiling is emerging. This unique capability adds great value to aerosol and cloud 78 

research by complementing the increasingly sophisticated passive remote sensing of 79 

columnar aerosol (e.g., AOD). It also provides an opportunity to evaluate and constrain 80 

model simulations of aerosol vertical distributions that currently show large diversity. 81 

Objectives of this study are to: (1) analyze regional and seasonal variations of vertical 82 

distribution of aerosol extinction using the most recently available CALIPSO lidar 83 

observations, and (2) examine differences between CALIPSO observations and the 84 

Goddard Chemistry Aerosol Radiation Transport (GOCART) model simulations of 85 

aerosol vertical distributions. The real strength in CALIPSO is the vertical profile 86 

information more than the AOD, which is often less accurate than that retrieved by 87 

passive sensors. Therefore the significant results from this study come from CALIPSO-88 

GOCART comparison of shapes of aerosol extinction profile. Through the statistical 89 

analysis of the first observed annual cycle of aerosol vertical distributions on a global 90 

scale and comprehensive comparison with the GOCART model, this study complements 91 

existing and ongoing validation efforts of CALIPSO measurements [e.g., Kim et al., 92 

2008; Omar et al., 2009] and GOCART simulations [Ginoux et al., 2001; Chin et al., 93 

2003] that are usually limited to specific regions and time periods. Different from the first 94 

global analysis of the occurring frequency of mineral dust from CALIPSO [D. Liu et al., 95 

2008], this work examines differences in the vertical distributions of aerosol extinction 96 

for both dust and non-dust aerosol between CALIPSO and GOCART.  97 

The rest of paper is organized as follows. A brief description of CALIPSO lidar 98 
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measurements and major uncertainties, and GOCART model simulations is given in 99 

section 2. Section 3 describes data analysis approaches, including various data screening 100 

and sampling techniques, and the broad categorization of aerosol type (dust and non-dust 101 

aerosol). In section 4, global patterns and regional variations of aerosol extinction profiles 102 

are presented and discussed on a seasonal basis through comparisons of CALIPSO 103 

measurements (June 2006 to November 2007) with GOCART simulations and MODIS 104 

retrievals of AOD. Major findings are summarized in Section 5. 105 

 106 

2. Brief descriptions of satellite lidar measurements and model 107 

simulations 108 

2.1. CALIPSO lidar measurements of aerosol vertical distributions  109 

The CALIPSO mission was launched on April 28, 2006 in a 705 km sun-110 

synchronous polar orbit with an equator-crossing time of about 1:30 pm and 1:30 am, 111 

local solar time, and a 16-day repeating cycle. It provides nearly global coverage between 112 

82°N and 82°S. The primary instrument onboard the CALIPSO payload is the Cloud-113 

Aerosol Lidar with Orthogonal Polarization (CALIOP), a two-wavelength, polarization 114 

lidar [Winker et al., 2003]. Since June 13, 2006, CALIOP has been collecting almost 115 

continuously high-resolution profiles of the attenuated backscatter by aerosols and clouds 116 

at visible (532 nm) and near-infrared (1064 nm) wavelengths along with polarized 117 

backscatter in the visible channel [Winker et al., 2007]. In the boundary layer and lower 118 

to middle free atmosphere (less than 8 km) where most atmospheric aerosols and clouds 119 

are found, CALIOP has a fundamental resolution of 333 m in the horizontal and 30 m in 120 

the vertical. Spatial averaging over different scales (e.g., 5, 20, or 80 km) is usually 121 
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needed to obtain an improved signal-to-noise-ratio (SNR) for a reliable retrieval of 122 

aerosol profiles. The most frequent detection resolution for smoke, dust, clean 123 

continental, and polluted dust is 80 km [Omar et al., 2009]. 124 

2.1.1. Cloud-aerosol discrimination 125 

In the CALIOP data processing, features with enhanced signals relative to the 126 

clean atmosphere are first identified from the CALIOP measured attenuated backscatter 127 

that is calibrated at the TOA [Vaughan et al., 2009; Powell et al., 2009]. The sensitivity 128 

of feature detection increases with scale of spatial averaging because of the increased 129 

SNR and with altitude because of the smaller magnitude of the molecular scattering at 130 

higher altitude. The sensitivity is also better at night than during day because of 131 

additional background noise arising from sunlight. For aerosol layer product, theoretical 132 

estimate of minimum detectable backscatter coefficient is 2~4 x 10-4 km-1sr-1 in the 133 

troposphere [Winker et al., 2009]. If a lidar ratio of 50 sr is assumed, the minimum 134 

detectable extinction coefficient is estimated to be 1~2 x10-2 km-1. The identified features 135 

are then classified into aerosol and cloud using a cloud-aerosol discrimination (CAD) 136 

algorithm [Liu et al., 2009] that is mainly based on multi-dimensional, altitude-dependent 137 

histograms of attenuated backscatter coefficient and its spectral dependence (e.g., color 138 

ratio) of aerosol and cloud [Liu et al., 2004]. The existence of overlap in aerosol and 139 

cloud histograms complicates the CAD process in some cases. The level of confidence in 140 

the aerosol-cloud classification is reflected by a CAD score. The standard CAD scores 141 

range from -100 to 100, with a negative value to be associated with aerosol and a positive 142 

value with cloud. A larger absolute value of the CAD score indicates higher confidence 143 

of the feature classification.  144 
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2.1.2. Aerosol type classification 145 

The CALIOP scene classification algorithm further associates the detected aerosol 146 

layer with one of six aerosol types (i.e., smoke, polluted continental, polluted dust, dust, 147 

clean continental,, and clean marine) using measurements of the integrated attenuated 148 

backscatter or IAB, volume depolarization ratio or VDR, and layer altitudes along with 149 

surface type [Omar et al., 2009]. Based largely on a global cluster analysis of ground-150 

based aerosol measurements [Omar et al., 2005], the extinction-to-backscatter ratio or 151 

lidar ratio at 532 nm of 70, 70, 65, 40, 35, and 20 sr is prescribed for smoke, polluted 152 

continental, polluted dust, dust, clean continental, and clean marine, respectively [Omar 153 

et al., 2009]. The determination of aerosol-type dependent lidar ratio serves to first 154 

retrieve the backscatter profile by correcting the attenuation of laser light and then to 155 

convert the retrieved backscatter to extinction linearly [Young and Vaughan, 2009]. The 156 

aerosol extinction thus increases with the lidar ratio nonlinearly. 157 

2.1.3. Major uncertainties 158 

Uncertainty associated with the determination of aerosol type and hence lidar 159 

ratio is one of major factors contributing to the uncertainty of CALIOP aerosol extinction 160 

retrieval. As discussed in Winker et al. [2009], if adequate spatial averaging has been 161 

taken to reduce the SNR errors to an insignificant level, the AOD error, δτ, due to an 162 

error δS in lidar ratio (or fractional error Fs =δS/S) can be approximately estimated as 163 

follows and shown in Figure 1: 164 

€ 

δτ = 0.5(e2τ −1)δS
S

(1)  165 

At small aerosol optical depth (e.g., AOD<0.1), the AOD fractional error (δτ/τ), can be 166 

approximately estimated as the fraction error of lidar ratio. However, with an increase of 167 
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optical depth, the fractional error of lidar ratio is substantially amplified to result in a 168 

much higher AOD error. For example, the lidar ratio fractional error of 30% would result 169 

in an AOD fractional error of ~50% for AOD=0.5 and nearly 100% for AOD=1.  170 

 Uncertainties in the aerosol extinction retrieval can also arise from several other 171 

sources, such as the substantial attenuation of laser light by heavy aerosol layers and the 172 

ambiguity of cloud-aerosol discrimination in some cases. Because of the attenuation of 173 

light by overlying layers the space-borne lidar is difficult to detect aerosol layers near the 174 

surface, which biases aerosol extinction to the lower magnitude. Although the CAD 175 

algorithm works well in a majority of cases examined [Liu et al., 2009], several specific 176 

layer types can still be misclassified. In current CALIOP CAD algorithm, the use of 177 

global average probability density functions (PDFs) of optical properties for aerosol and 178 

cloud may be inadequate to capture the regional and seasonal variability of aerosol and 179 

cloud. This is particularly the case over or close to source regions where a dense dust or 180 

smoke layer may have a backscatter signal as strong as that for typical clouds. It is 181 

possible that such heavy dust or smoke might be misclassified as clouds [Liu et al., 182 

2009], which biases the aerosol extinction to a lower magnitude over or near the source 183 

regions. The layer height is also one of criteria used to distinguish aerosol from cloud so 184 

that features at high altitudes are more likely to be classified as clouds than as aerosol. If 185 

some aerosol layers (in particular dust) transported at high altitudes are classified as thin 186 

ice clouds, the CALIOP aerosol extinction would be underestimated somewhat, though 187 

the aerosols transported to the high altitudes are generally optically thin. On the other 188 

hand, optically thin clouds in the polar regions may be misclassified as aerosol [Liu et al., 189 

2009], which biases the aerosol extinction higher. 190 
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While extensive validation of CALIOP extinction profiles is still going on, several 191 

validation efforts have demonstrated that CALIOP has been quite successful in 192 

measuring aerosol vertical distributions. Comparisons of simultaneous CALIOP and 193 

ground-based lidar measurements over Korea show that the top and base heights of cloud 194 

and aerosol layers are generally in agreement within 0.10 km and the aerosol extinction 195 

profiles are generally in agreement within 30% in cloud-free conditions, and nighttime, 196 

semi-transparent cirrus cloud conditions [Kim et al., 2008].  Comparisons with the High 197 

Spectral Resolution Lidar (HSRL) measurements from two field campaigns over the 198 

U.S., namely the CALIPSO And Twilight Zone (CATZ) and the Gulf of Mexico 199 

Atmospheric Composition and Climate Study (GoMACCS), show that the CALIOP 200 

average extinction biases higher by 0.003 km-1 (~20%) and 0.015 km-1 (~50%), 201 

respectively [Omar et al., 2009].    202 

 203 

2.2. GOCART model simulation of global aerosol distribution 204 

The GOCART global model simulates the major aerosol types, including sulfate, 205 

mineral dust, black carbon, organic carbon, and sea salt. The assimilated meteorological 206 

fields from the Goddard Earth Observing System Data Assimilation System (GEOS 207 

DAS) Version 4 are used to drive the GOCART model. The spatial resolution of the 208 

GOCART model for this study is 2° latitude by 2.5° longitude in the horizontal and 30 209 

layers in the vertical. Emissions from anthropogenic, biomass burning, biogenic, and 210 

volcanic sources and wind-blown dust and sea-salt are included. Other processes in 211 

GOCART are chemistry, convection, advection, boundary layer mixing, dry and wet 212 

deposition, gravitational settling, and hygroscopic growth of aerosol particles. Details of 213 
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GOCART model infrastructure and evaluation of its results against a variety of aerosol 214 

observations are documented in previous publications [e.g., Chin et al., 2000a, 2000b, 215 

2002, 2003, 2004, 2007, 2009; Ginoux et al., 2001, 2004]. The GOCART model has 216 

contributed to several model intercomparisons and assessment reports [e.g., IPCC, 2001; 217 

Yu et al., 2006, 2009; Kinne et al., 2006; Textor et al., 2006]. Note that the GOCART 218 

aerosol vertical distributions have been evaluated with measurements from lidar [Ginoux 219 

et al., 2001] and aircraft [Chin et al., 2003] over limited regions and seasons. There is a 220 

need for comprehensive evaluations of modeled vertical distributions of aerosol 221 

extinction using global observations over annual scale.    222 

The GOCART aerosol optical properties, including extinction coefficient, 223 

backscatter coefficient, single-scattering albedo, and asymmetry factor, among others, are 224 

calculated from the Mie theory using prescribed size distributions, refractive indices, and 225 

hygroscopic properties of individual aerosol types that are taken from the Optical 226 

Properties for Aerosol and Cloud (OPAC) package [Hess et al., 1998] and assuming 227 

external mixing of different aerosol types [Chin et al., 2002, 2009]. It has been well 228 

known that the assumption of spherical particle in the Mie calculation can result in an 229 

overestimate of backscatter at 550 nm by a factor of ~2.5 for non-spherical dust [e.g., 230 

Mattis et al., 2002; Liu et al., 2002; Dubovik et al., 2006]. In this study, the backscatter 231 

for spherical dust is empirically scaled to adjust this overestimate.  232 

 233 

3.  Data analysis approaches 234 

3.1.  Data sets and data screening 235 
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The major satellite data used in this study are CALIOP Level 2 Version 2.01 236 

aerosol layer product from June 13, 2006 to November 30, 2007 that collects aerosol 237 

layers detected at horizontal resolution of 5, 20, and 80 km. The aerosol layer product 238 

provides the top and base of detected aerosol layer, and the layer integrated properties 239 

such as extinction AOD, attenuated backscatter (IAB), lidar ratio (S), volume 240 

depolarization ratio (VDR, including backscatter properties by both particle and air 241 

molecules), and CAD score, among others. Note that the CALIOP detected stratospheric 242 

features, which are also saved in the aerosol layer product, are excluded from our 243 

analysis, because these features have not been classified as either stratospheric aerosol or 244 

cloud. Thus our CALIOP analysis in this study deals with tropospheric aerosol only.   245 

The analysis focuses on the CALIOP nighttime observations of aerosols in cloud-246 

free conditions. Sunlight complicates the aerosol retrieval during daytime. As such the 247 

lidar observations at nighttime have higher accuracy than the daytime measurements. In 248 

this study the nominally “cloud-free” profiles are examined, including columns that are 249 

completely cloud-free or with the presence of high-level (e.g., cloud base higher than 7 250 

km), optically thin (e.g., cloud optical depth less than 0.1) clouds. In the case of high-251 

level thin clouds, the laser can still penetrate to sense aerosol layers underneath the cloud. 252 

The cloud-free conditions are determined by using the top, base, and optical depth of 253 

cloud layer from CALIOP 5-km cloud layer product (the same version as the aerosol 254 

layer product). The unique CALIOP capability of observing above-cloud aerosol is 255 

important to understanding the aerosol radiative forcing in cloudy conditions [Chand et 256 

al., 2009], which is beyond the scope of this study.  257 
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Two further data screenings are applied to conduct statistical analysis with a large 258 

number of good-quality CALIOP measurements. One screening is to exclude detected 259 

aerosol layers that have low level of confidence in the cloud-aerosol discrimination. 260 

Without specific guideline on setting the CAD score threshold to screen the data, we 261 

include the aerosol data with CAD score between -50 and -100 in this analysis and 262 

examine sensitivity of results to the CAD threshold (Figure 2). Setting a more stringent 263 

CAD score criteria (e.g., excluding data with the CAD score >-90) reduces the number of 264 

sampled cloud-free data profiles and generally the grid and seasonal average AOD. 265 

About 60% of the AOD decrease of AOD is within 0.02 and ~80% within 0.04.The AOD 266 

decrease of more than 0.1 accounts for only about 3% of the data, which occurs mainly in 267 

the “dust belt” extending from the tropical Atlantic northeastward to the northwestern 268 

Pacific (roughly from 0° to 50°N and from 50°W to140°E) and in South America and 269 

South Africa in biomass burning seasons. Over these regions, the occurrence of dense 270 

dust or smoke would yield attenuated backscatter and its color ratio that are more likely 271 

to overlap with cloud histograms, resulting in a lower level of confidence of cloud-272 

aerosol discrimination.  On the other hand, relaxing the CAD score (e.g., excluding data 273 

with the CAD score >-20) increases the number of sampled cloud-free data profiles and 274 

generally the grid and seasonal average AOD.  90% of the AOD difference is within 0.02. 275 

The choice of CAD score threshold also has small effect on the aerosol scale height 276 

(within ± 200 m). Note that CAD>-20 represents some erroneously identified “pseudo-277 

features” that are neither aerosol nor cloud, resulting from the noise of the signal, 278 

multiple scattering effects, and overestimate of the attenuation by the overlying layers 279 

[Liu et al., 2009]. 280 
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The other screening is to exclude aerosol layers where the retrieval algorithm has 281 

to adjust the initially selected lidar ratio that is based on the type and subtype of the 282 

aerosol layer being analyzed. Such adjustment usually occurs for complex features with 283 

high AOD that are vertically adjacent to or embedded in other features [Omar et al., 284 

2009]. In such cases, the retrieved optical depths and extinction profiles are generally not 285 

accurate and the associated uncertainty cannot be reasonably estimated [Winker et al., 286 

2009; Young and Vaughan, 2009].  287 

 288 

3.2.  Separation of dust and non-dust aerosol 289 

The analysis is performed in the context of aerosol type by taking advantage of 290 

the polarization capability of CALIOP. The two polarization sensitive 532 nm receiver 291 

channels of CALIOP allow for the measurements of particulate depolarization ratio 292 

(PDR), a ratio of perpendicular component to parallel component of backscatter by 293 

aerosol particles. While non-spherical dust has a typical depolarization ratio of 0.1 to 0.4 294 

[Murayama et al., 2001; Liu et al., 2002, 2008b; Mattis et al., 2002; Barnaba and Gobbi, 295 

2001], spherical particle has a near zero depolarization ratio. Therefore, PDR can be used 296 

to effectively distinguish non-spherical aerosol (e.g., dust) from spherical aerosol (e.g., 297 

industrial pollution, biomass burning smoke, and marine aerosol). In the current release 298 

of CALIPSO products, PDR has not been retrieved. The variable instead available in the 299 

dataset is the VDR of aerosol layer, which reflects contributions from scattering of both 300 

molecules and particulates in a volume to the light polarization. Since the molecular 301 

scattering has a near-zero depolarization ratio of 0.0036 for CALIOP, the VDR of dust-302 

laden air volume is smaller than the PDR of mineral dust [Liu et al., 2008a]. The VDR 303 
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approaches to PDR with high aerosol loading. As discussed in D. Liu et al. [2008], the 304 

desert dust can be largely separated from other types of aerosol (biomass burning smoke, 305 

continental and marine aerosol) by using a VDR threshold of 0.06. By following D. Liu et 306 

al. [2008], we broadly characterize each of CALIOP observed individual aerosol layers 307 

as “dust” when VDR is greater than 0.06 or as “non-dust” aerosol otherwise. The 308 

individual extinction profiles are aggregated separately into dust and non-dust aerosol to 309 

calculate respective regional and seasonal average profiles that are discussed in section 4. 310 

This simple VDR threshold approach is used to put the discussion of CALIOP 311 

measurements of aerosol extinction profiles in the context of aerosol type to some extent. 312 

In cases where dust mixes with other types of aerosols (e.g., pollution aerosol in India) in 313 

the same layer, it is hard to accurately compute the dust AOD using the threshold 314 

approach. Future efforts are needed to explore the use of PDR from upcoming CALIOP 315 

data releases to better partition the total extinction into dust and non-dust components.  316 

 317 

3.3.  Comparisons with GOCART and MODIS  318 

The CALIOP data are compared with GOCART model simulations of three-319 

dimensional aerosol distributions. For this purpose, GOCART aerosol simulation results 320 

(at 3hr interval) are sampled on the basis of the closest proximity in space and time to the 321 

CALIOP cloud free measurements. However, this sampling doesn’t guarantee the exact 322 

match between GOCART and CALIOP, because of coarse resolutions (2.5°x2°) of 323 

GOCART model and near-zero swath of CALIPSO. We also use MODIS observations of 324 

AOD (Collection 5) [Remer et al., 2005, 2008; Levy et al., 2007] to evaluate CALIOP 325 

observations and GOCART simulations. To obtain sufficient data coverage, we use a 326 
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combination of Terra and Aqua MODIS Level 3 daily 1°x1° data. When both Terra and 327 

Aqua aerosol retrievals are available over a grid, an average of them is used. The MODIS 328 

data are sampled from a grid encompassing the CALIOP cloud-free observation. Note 329 

that while MODIS aerosol measurements are performed during the daytime, CALIOP 330 

observations are sampled at night in this study. As CALIOP is the only means that 331 

measures nighttime aerosol, it is impossible to assess how the difference in time would 332 

complicate the intercomparisons. Here we assume that the difference in time is unlikely 333 

to cause significant differences in seasonal average AOD. 334 

To facilitate the CALIOP-GOCART intercomparison of aerosol extinction (σ) 335 

profiles, we define aerosol scale height (H) as an above ground level (AGL) altitude 336 

below which 63% of total columnar integration of aerosol extinction (i.e., AOD) is 337 

present (following Hayasaka et al., 2008), i.e.,  338 

€ 

σ
0

H
∫ dz = (1− e−1)• AOD = 0.63• AOD (2) 339 

In other words, the fractional AOD above H accounts for 37% of the total columnar 340 

AOD. A smaller scale height indicates that aerosol is more concentrated in the lower 341 

atmosphere. Although it does not reflect the detailed layer structures, H in conjunction 342 

with AOD provides a useful index for characterizing the aerosol vertical distribution on 343 

regional and global scales that involves large volumes of data, in particular for satellite-344 

model and model-model intercomaprisons. 345 

Our analysis focuses on (1) global patterns of aerosol optical depth and the scale 346 

height of aerosol extinction, and (2) regional and seasonal variations of the vertical 347 

distribution of aerosol extinction measured by CALIOP and modeled by GOCART. 348 
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Figure 3 illustrates 12 sections representing distinct aerosol regimes used for the regional 349 

analysis. 350 

 351 

4.  Results and discussion 352 

4.1. Global distributions of aerosol optical depth and scale height  353 

Because of its near-nadir view and the 16-day repeating cycle, a global view of 354 

aerosol can only be acquired by averaging the CALIOP cloud-free profiles collected over 355 

a period of time (e.g., a month or season) into grid boxes with a horizontal dimension on 356 

an order of degrees. In this study we calculate seasonal average cloud-free aerosol 357 

extinction and AOD over 5°x4° grids with a vertical resolution of 200 m by aggregating 358 

CALIOP individual shots of aerosol layers. Figure 4 shows distributions of the number 359 

of the nominally cloud-free profiles detected by CALIOP in individual grids, including 360 

columns with detectable aerosol layers and clean columns where aerosol signal is too 361 

weak to be detected by CALIOP. In the latter case, aerosol extinction is set to 0 for this 362 

study. The detection of cloud-free profile generally occurs more frequently over land than 363 

over ocean, consistent with higher cloudiness over ocean. The number of the cloud-free 364 

profiles is also larger in arid and semi-arid areas than in other areas. Clearly, the number 365 

of CALIOP cloud-free aerosol samples is low in such regions as North Pacific, North 366 

Atlantic, part of tropical oceans, and Southern Oceans. 367 

Figure 5 shows distributions of seasonal average cloud-free AOD at 532 nm 368 

observed by CALIOP and its comparisons with GOCART simulations and MODIS AOD 369 

retrievals at 550 nm for MAM 2007 and SON 2007. It appears that satellite observations 370 

(both CALIOP and MODIS) and the model give generally consistent spatial patterns of 371 
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aerosol optical depth and its seasonal variations, with major continental source regions 372 

(dust, industrial pollution, and biomass burning) and the trans-Atlantic transport of 373 

Saharan dust being readily identified. Several major differences are evident on regional 374 

and continental scales. The CALIOP AOD is substantial lower than the GOCART 375 

simulation over North Africa and the western China where dust contribution is 376 

predominant. Over the Middle East and Indian subcontinent, on the other hand, the 377 

CALIOP AOD is higher than the GOCART simulation. Over West Europe, GOCART 378 

AOD is higher than CALIOP and MODIS observations. Over major tropical biomass 379 

burning regions (e.g., South America, southern Africa, and southeastern Asia in SON and 380 

central America in MAM), the CALIOP AOD is higher than the GOCART model 381 

simulation. One of other most pronounced differences is associated with the 382 

intercontinental transport of aerosols. Both MODIS and GOCART show that the trans-383 

Pacific transport of aerosol from East Asia to North America is fairly strong in MAM, 384 

with AOD greater than 0.15 over the nearly entire mid-latitude North Pacific. However, 385 

the CALIOP observations show a much weaker trans-Pacific transport. Similar 386 

differences also exist for the trans-mid-Atlantic transport of aerosol from North America 387 

to West Europe. On the contrary, the westward transport of aerosol, mainly Saharan dust, 388 

by trade winds over tropical Atlantic is stronger and more extended from MODIS and 389 

CALIOP observations than the GOCART model. More quantitative comparisons of AOD 390 

on regional scales are discussed in the next section in conjunction with comparisons of 391 

aerosol extinction profiles.  392 

Global patterns of the scale height for aerosol extinction provide a first order, 393 

global view of aerosol vertical distributions.  Figure 6 compares global distributions of 394 
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the seasonal average aerosol scale height derived from CALIOP observations with the 395 

GOCART simulations for 2007. Clearly, the GOCART scale heights are consistently 396 

higher than the CALIOP observations. The differences are particularly large at the polar 397 

regions and northern hemispheric mid-latitudes away from the source regions where 398 

aerosols are generally transported from outside. The long-range transport of aerosol in 399 

these regions is usually associated with mid-latitude cyclones that can effectively lift 400 

pollution from the ABL to the upper troposphere [Stohl et al., 2002]. The much lower 401 

CALIOP scale height than the GOCART model in these regions may result from the 402 

CALIOP sampling of cloud-free observations that may bias the scale height to low 403 

altitudes. CALIOP may miss to detect some optically thin layers in the FA because of the 404 

detection limit of lidar as discussed in 2.1, resulting in lower scale heights. It is also 405 

possible that GOCART model overestimates the vertical transport of aerosols and gives 406 

higher scale heights. Nevertheless, both CALIOP observation and GOCART model 407 

generally indicate higher scale heights over the dust belt and source regions of biomass 408 

burning (e.g., southern Africa and South America) than over industrial pollution source 409 

regions and over oceans.  410 

 411 

4.2. Regional aerosol extinction profiles 412 

While aerosol optical depth and scale height provide a useful, first order index of 413 

aerosol vertical distribution, detail structures of aerosol extinction can’t be revealed. In 414 

the following, we discuss in greater detail the comparisons of seasonal average aerosol 415 

extinction and lidar ratio profiles between CALIOP observation and GOCART model 416 

over 12 selected regions. Seasonal and regional average lidar ratio S is calculated from 417 
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individual values of lidar ratio weighted by the aerosol extinction. MODIS AOD is also 418 

included in the analysis to evaluate CALIOP retrieval and GOCART model. Although 419 

similar plots are made for all regions and seasons, for conciseness we only show plots in 420 

8 representative sections, including eastern U.S. (EUS), eastern China (WUS), Indian 421 

subcontinent (IND), North Africa and Arabian peninsula (NAF), central Atlantic (CAT), 422 

northwestern Pacific (NWP), southern Africa (SAF) and southeast Asia (SEA) (see 423 

Figure 3). Our discussion also focuses on an annual cycle from December 2006 to 424 

November 2007 or some specific seasons with unique aerosol characterization in a 425 

region. Data from June 2006 to November 2006 are also discussed when significant year-426 

to-year variations are revealed. In online supplementary material, we document similar 427 

plots in 4 other sections and tables that listed AOD and scale height in all sections and 428 

seasons. 429 

 430 

4.2.1. Source regions of industrial pollution 431 

Major source regions of industrial pollution include the eastern United States 432 

(EUS), West Europe (WEU), eastern China (ECN), and Indian subcontinent (IND), of 433 

which ECN and IND are also frequently influenced by mineral dust. Figure 7 shows the 434 

vertical distributions of seasonal average aerosol extinction and lidar ratio, and 435 

comparisons of columnar total AOD between CALIOP (CAL), GOCART (GOC), and 436 

MODIS (MOD) over EUS. z is altitude above ground level (AGL), not mean sea level, 437 

throughout the paper. Also shown in the figure are aerosol scale height (H, km) and 438 

columnar total AOD (τ), with subscript C and G denoting CALIOP and GOCART, 439 

respectively. The aerosol extinction from CALIOP and GOCART in the atmospheric 440 
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boundary layer (ABL, nominally 0-2km) agrees in the magnitude, with CALIOP 441 

extinction slightly larger than the GOCART counterpart. On the other hand, the CALIOP 442 

lidar ratio is generally smaller than GOCART simulations by 10-15 sr (15-20%) in JJA 443 

(June-July-August) and SON (September-October-November). In the middle to upper 444 

part of free atmosphere (FA) (generally higher than 4 km), however, the GOCART 445 

simulates an aerosol extinction of 0.003 – 0.018 km-1, whereas CALIOP generally 446 

doesn’t detect aerosol layers presumably because of the detection limit. This gives rise to 447 

the much higher scale heights (by 1-2.4 km) from GOCART model than from CALIOP 448 

observation, especially in MAM (March-April-May) than other seasons. While such 449 

differences in the FA are partly explained by the detection limit of CALIOP as discussed 450 

earlier, it is also possible that the model overestimates aerosol extinction in the FA. In 451 

terms of columnar integration of aerosol extinction or AOD over EUS, CALIOP agrees 452 

with GOCART in a range of -45% ~ +20 % but is 30-63% consistently smaller than 453 

MODIS AOD.  454 

Figure 8 compares aerosol extinction profiles from CALIOP observation and 455 

GOCART model over eastern China. Except in DJF when CALIOP extinction is slightly 456 

higher than GOCART simulation in the ABL, the CALIOP observed extinction is smaller 457 

than the GOCART simulation near the surface and in the FA in other seasons, with the 458 

largest difference occurring in MAM and JJA. The aerosol layers (up to 0.04 km-1 in 459 

MAM) above 4 km as simulated by the GOCART model are not fully observed by 460 

CALIOP. As a result, the CALIOP scale height is about 800 m lower than the GOCART 461 

model. Again the differences may have resulted from both the possible model 462 

overestimate of upward transport and the CALIOP sensitivity limit. Both CALIOP and 463 
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GOCART suggest that the eastern China (mainly its northern part) is heavily influenced 464 

by dust in both seasons, with the dust fraction greater than 0.5 in MAM and DJF and 465 

relatively small (0.2~0.35) in JJA and SON. For aerosol lidar ratio, except in DJF when 466 

CALIOP agrees with GOCART, CALIOP lidar ratio is smaller than GOCART by 10-20 467 

sr (15-30%) near the surface, with the difference decreasing with increasing altitude. This 468 

lidar ratio difference would explain a significant fraction of the AOD difference except in 469 

MAM, as can be inferred from Figure 1. In all seasons, the columnar AOD from MODIS 470 

is consistently larger than the CALIOP observation and GOCART simulation.  471 

As shown in Figure 9, over the Indian subcontinent (IND) GOCART simulations 472 

of total aerosol extinction and AOD are consistently lower than satellite observations. 473 

The MODIS AOD can be up to a factor of 2 larger than the GOCART AOD. Except in 474 

JJA when CALIOP AOD is smaller than MODIS AOD by a factor of 2, CALIOP and 475 

MODIS AODs are generally quite consistent in other seasons. A comparison of 476 

GOCART AOD with measurements from AERONET at Kanpur site in India also shows 477 

that the GOCART model underestimates the AERONET AOD by more than a factor of 2 478 

[Chin et al., 2009]. All these comparisons appear to suggest that the GOCART model 479 

tends to underestimate the aerosol optical depth in this region. Despite the large 480 

CALIOP-GOCART difference in the magnitude of extinction, the general shape of 481 

vertical profiles is similar and the scale height of GOCART aerosol extinction is higher 482 

than CALIOP observation only by about 340 m on average. The figure also suggests that 483 

the CALIOP dust fraction is higher than the GOCART simulation by 0.24 to 0.4. This is 484 

qualitatively consistent with the lidar ratio (S) difference between CALIOP and 485 

GOCART, with the CALIOP S consistently smaller than the GOCART S by 10-20 sr 486 
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(15-30%). While the CALIOP observations apparently suggest that the underestimate of 487 

GOCART aerosol extinction results mainly from underestimate of dust extinction, 488 

comparisons against AERONET observations of spectral dependences of aerosol 489 

extinction (Ångström exponent) and single-scattering albedo at Kanpur site [Chin et al., 490 

2009] appear to suggest a slight underestimate of dust fraction by GOCART. With in 491 

mind that the current VDR threshold approach separating dust and non-dust aerosol may 492 

not be adequate for an accurate characterization of mixed dust and pollution aerosols, as 493 

mentioned in section 3.2, a better attribution of the underestimate of extinction to aerosol 494 

types requires a more robust separation of dust and non-dust aerosol from satellite 495 

measurements in the future.  496 

 497 

4.2.2. Source regions of mineral dust 498 

Dust is a predominant component of aerosol over North Africa and Arabian 499 

Peninsula (NAF) and the western China (WCN). Figure 10 compares the aerosol 500 

extinction profiles from CALIOP and GOCART over NAF. Both CALIOP observation 501 

and GOCART model indicate that dust reaches the highest altitude in summer and the 502 

lowest altitude in winter, which is consistent with previous studies and is controlled by 503 

seasonal variations of turbulent mixing, atmospheric stability, and circulations [Kalu, 504 

1979]. On the other hand, the top of aerosol layer observed by CALIOP is generally1-2 505 

km lower than the GOCART simulation, due largely to the detection limit of lidar.  The 506 

CALIOP observed aerosol extinction is also much smaller in magnitude with smaller 507 

vertical gradient in the lowest 2-3 km layer than the GOCART simulation. Overall the 508 

GOCART scale height is 0-0.5 km (0.26 km on average) higher than the CALIOP 509 
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observation. CALIOP AOD over NAF is smaller than GOCART AOD by about 35% in 510 

JJA (both 2006 and 2007) but by more than a factor of 2 in other seasons. Similar 511 

CALIOP-GOCART differences exist over WCN (see online supplementary material). 512 

Several uncertainties or issues associated with both model and satellite can result 513 

in the large satellite-model differences in the aerosol extinction. Generally, CALIOP 514 

gives the average lidar ratio of 40 - 45 sr in the region, which is about 5 - 15 sr (or 10-515 

25%) smaller than GOCART simulated lidar ratio (50 - 54 sr). It appears that the 516 

CALIOP and GOCART dust lidar ratio shown here corresponds respectively to the lower 517 

end and higher end of observed dust lidar ratio range of 38-60 [Tesche et al., 2009; 518 

Muller et al., 2007; De Tomasi et al., 2003, Esselborn et al., 2009]. As the dust lidar ratio 519 

is sensitive to the shape of the non-spherical dust particles, chemical composition, and 520 

size distribution [Barnaba and Gobbi, 2001; Liu et al., 2002], the observed wide range of 521 

lidar ratio may reflect the influence of dust from different source regions [Esselborn et 522 

al., 2009].  523 

While the CALIOP-GOCART lidar ratio difference discussed above is consistent 524 

with the extinction difference qualitatively, this relatively small difference of lidar ratio is 525 

unlikely to fully explain as much as a factor of 2 differences in the extinction and AOD. 526 

Several other factors would also contribute. For satellite measurements, it remains 527 

challenging to distinguish heavy dust loading from clouds, because of the usually large 528 

overlap of optical properties between them. As discussed in 2.1, over or close to source 529 

regions heavy dust might be misclassified as clouds and also attenuate the light 530 

substantially to make the extinction retrieval difficult in lower layers. Both issues bias the 531 

aerosol extinction to a lower magnitude and the latter also shifts the height of maximum 532 
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extinction from near surface to a higher level (~ 500 m). From the perspective of model 533 

simulations, the GOCART model may have overestimated the source and atmospheric 534 

concentration of dust, as suggested by previous model evaluation and inter-comparison 535 

efforts. The global mean dust emission from GOCART is at the high end among 16 536 

models that participated in the Aerosol Comparisons between Observations and Models 537 

(AeroCom) [Textor et al., 2006]. Although comparisons of GOCART AOD with 538 

AERONET measurements show small positive bias (14%) of GOCART averaged over 539 

the NAF region [Chin et al., 2009], the AERONET sites are mostly concentrated in the 540 

southern part of NAF region or at the coastal line in the northern NAF. So it is not clear 541 

how the GOCART model performs in the inland of the northern NAF because of lack of 542 

AERONET observations. As clearly shown in Figure 5, differences between the CALIOP 543 

observation and GOCART model are larger in northern NAF than in southern NAF.  544 

 545 

4.2.3. Outflows downwind of major dust and industrial pollution source regions 546 

The central Atlantic Ocean (CAT) is substantially influenced by dust from North 547 

Africa around a year and to some extent by biomass burning smoke from the tropical 548 

Africa in northern hemispheric winter. As shown in Figure 11, both CALIOP 549 

observations and GOCART simulations consistently indicate that dust is transported in 550 

both the ABL and free atmosphere, although the fraction of dust in the marine ABL is 551 

lower because of the existence of marine aerosol. Both the observation and model also 552 

show that dust layer is transported at higher altitudes in summer than in winter. This is 553 

consistent with previous observations. For example, the Saharan dust layer was observed 554 

above the trade winds inversion and up to 5-7 km in summer, but within the trade wind 555 
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layer at altitudes below 1.5-3 km in winter [Kalu et al., 1979; Chiapello et al., 1997; Liu 556 

et al., 2008b]. Unlike the large differences over the upwind source region (NAF) as 557 

discussed earlier, CALIOP and GOCART extinction profiles and AOD show much better 558 

agreement in this dust outflow region. Both CALIOP and GOCART AODs are generally 559 

smaller than MODIS AOD. Differences in lidar ratio are also small with the CALIOP 560 

values being <10 sr (or 10-20%) lower than the GOCART simulations.  561 

On the contrary, substantial differences exist between CALIOP observations and 562 

GOCART simulations for both the East Asia outflows over the northwestern Pacific 563 

(NWP, Figure 12) and North America outflows over the mid-latitude North Atlantic. 564 

CALIOP AOD is lower than GOCART AOD (and also MODIS AOD) by more than a 565 

factor of 2, except in DJF (December-January-February) when the difference is much 566 

smaller. The large AOD differences result mainly from differences of aerosol extinction 567 

above the ABL. CALIOP rarely detects aerosol layers above 4 km, whereas GOCART 568 

simulations show consistent and considerable outflow of dust and non-dust aerosols 569 

throughout the FA. Although CALIOP did detect some aerosol layers between 4 and 6 570 

km in MAM 2007, the observed magnitude of aerosol extinction was substantially 571 

smaller than the GOCART model. Seasonal average scale heights from the GOCART 572 

model range from 3.2–4.3 km, which is 1.2-2.3 km (1.85 km on average) higher than 573 

CALIOP observations. Aerosol scale heights as inferred from several ground-based lidar 574 

observations under cloud-free conditions in the region appear to agree better with 575 

CALIOP observations than with GOCART simulations. For example, Hayasaka et al. 576 

[2007] reported a wide range of scale height from 0.5 to 6 km over three Japanese sites in 577 

March-April-May 2005, of which about 80% are between 1.0 and 4.0 km and a smaller 578 
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scale height generally corresponds to a larger AOD. Nakajima et al. [2007] reported the 579 

smaller scale height of 1-1.5 km during the same period. Observations over two Japanese 580 

sites in spring 2001 suggest that the scale height is 2-3 km for dust and 1-2 km for non-581 

dust aerosol [Shimizu et al., 2004]. Multi-year lidar observations over the Korean 582 

peninsula suggest that the scale height is about 2 km in spring, somewhat higher in 583 

summer and lower in winter and autumn [Kim et al., 2007]. On the other hand, the 584 

aircraft measurements of dust during the ACE-Asia field experiment in spring 2001 585 

shows a persistent feature of dust peaks at 4-5 km over the Yellow Sea and the Sea of 586 

Japan, which is well reproduced by GOCART model [Chin et al., 2003]. 587 

The large differences between satellite observations and model simulations could 588 

result from several factors associated with both satellite and model. MODIS observation 589 

in this region is prone to cloud contamination [Remer et al., 2005] and can be 590 

complicated by the presence of non-spherical dust in the region [Chu et al., 2005]. 591 

GOCART model may have overestimated dust emissions and the aerosol transport to FA, 592 

as discussed earlier. From the perspective of CALIOP observations, there may be 593 

possible misclassifications in CALIOP aerosol sub-typing (and thus lidar ratio 594 

assignment) and aerosol-cloud discrimination. As discussed in 2.1, dust aerosol 595 

transported to the upper troposphere tends to be misclassified as thin cirrus clouds, 596 

resulting in somewhat underestimate of the aerosol extinction. As shown in the figure, the 597 

CALIOP lidar ratio in the marine ABL is generally much smaller than the GOCART 598 

simulation (in particular in summer). As described in Omar et al. [2009] (Figure 2), a 599 

feature is classified as polluted continental aerosol only when IAB is less than 0.01 and 600 

the depolarization is between 0.05 and 0.075. In other cases (depolarization ratio < 0.05 601 
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or IAB > 0.01), the feature is classified as marine aerosol. As marine aerosol and polluted 602 

continental aerosol have similar depolarization ratios, the simple threshold approach may 603 

not work well. For high aerosol loading with IAB>0.01 the feature is exclusively 604 

classified as marine aerosol, while the layer is more likely to be polluted continental 605 

aerosol. A statistical analysis shows that in the lowest 1km layer over the ocean, CALIOP 606 

characterizes aerosol features as marine aerosol at a respective frequency of 27% (DJF), 607 

39% (MAM), 63% (JJA), and 55% (SON). The seasonality of marine aerosol detection 608 

frequency is consistent with that of lidar ratio discrepancy as shown in the figure. Given 609 

that marine aerosol has a lidar ratio of 20 sr at 532 nm that is smaller than that for 610 

continental pollution by a factor of ~3, a substantial underestimate of aerosol extinction 611 

can be resulted from a misclassification of polluted continental aerosol as marine aerosol 612 

in coastal areas where ABL pollution outflow occurs frequently.  613 

The other probable factor is that CALIOP cloud-free observations discussed 614 

above may not be representative of GOCART simulations and MODIS observations. The 615 

outflows of pollution or pollution/dust mixture in NWP and NAT are usually associated 616 

with mid-latitude cyclones [Stohl et al., 2002]. GOCART simulations represent averages 617 

over 2.5°x2° grids, including both clear and cloudy conditions. MODIS with a resolution 618 

of 500 m and nearly daily global coverage can sample areas close to cloud systems quite 619 

frequently. While CALIOP can sample in the vicinity of clouds because of its high spatial 620 

resolution, its single-nadir view and 16-day repeating cycle makes such sampling much 621 

less frequently. It is possible that the analysis of CALIOP cloud-free measurements as in 622 

this study (and ground-based lidar measurements too) may have missed some intense 623 

transport events associated with cloudy conditions. CALIOP does have a capability of 624 
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detecting aerosols above the low-level clouds if high-level clouds are optically thin. Over 625 

NWP, CALIOP detected AOD above low-level clouds (with an average cloud top of 626 

about 1.5 km above the surface, for clouds with top lower than 4 km) is 0.07 for MAM, 627 

0.046 for JJA, and 0.033 for DJF and SON. These above-cloud AODs differ from the 628 

cloud-free above-1.5 km AODs by less than 25% and are about 37-50% of cloud-free 629 

total columnar AOD. While these above-cloud AODs are significant in magnitude in 630 

comparison with the cloud-free values, it remains difficult to assess to what extent the 631 

exclusion of CALIOP observations in cloudy conditions contributes to the large 632 

differences between CALIOP and GOCART or MODIS because of lack of observations 633 

of aerosols below optically thick clouds.  634 

 635 

4.2.4 Source regions of biomass burning smoke 636 

The southern Africa (SAF) region defined in Figure 3 encompasses biomass 637 

burning sub-regions shifting with season: the Sahel region adjacent to the Sahara deserts 638 

with peak burning in DJF and the southern Africa with peak burning in JJA and SON. 639 

The region is also influenced by dust to some degree, because the predominant northerly 640 

to northeasterly over the Sahara deserts in the northern hemispheric winter can transport 641 

Saharan dust to the Sahel and the gulf of Guinea [Kalu et al., 1979]. As shown in Figure 642 

13, the lowest aerosol extinction occurs consistently in MAM from both CALIOP 643 

observation and GOCART model. GOCART simulates the highest extinction in DJF, 644 

which is about a factor of 2 larger than that in JJA and SON. On the other hand, CALIOP 645 

observations show no discernable difference between DJF, JJA and SON. As such the 646 

most pronounced CALIOP-GOCART differences occur in DJF. The GOCART AOD in 647 
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DJF is about 60% higher than measurements from both CALIOP and MODIS. The 648 

smoke layers between 4-6 km as calculated by the GOCART model are not observed by 649 

CALIOP. In other seasons, the model simulations of extinction and AOD agree with the 650 

satellite measurements within 10-30%. Another notable consistent feature in Figure 13 is 651 

a considerably large fraction of dust extinction in DJF and MAM, and a minimum dust 652 

fraction of less than 10% in JJA. The CALIOP observations suggest that the southward 653 

transport of Saharan dust imports AOD of 0.144 and 0.072 into the SAF region in DJF 654 

and MAM, respectively, which is more or less equivalent to the non-dust AOD in the 655 

region. For comparisons, GOCART simulations yield nearly the same dust AOD (i.e., 656 

0.146 and 0.077 for DJF and MAM, respectively) and comparable percentile contribution 657 

of dust AOD (37% and 55%, respectively). The lower dust fraction (37%) of GOCART 658 

AOD in DJF results from much higher non-dust AOD calculated by the model than 659 

observed by CALIOP. For aerosol lidar ratio, CALIOP observations generally agree with 660 

the model simulations to within ±10 sr. 661 

Figure 14 shows comparisons of aerosol extinction between CALIOP observation 662 

and GOCART model for SON, both 2006 and 2007, over South America (SAM). SON is 663 

peak biomass burning season in the region. For SON 2006, the GOCART AOD of 0.12 is 664 

about 50% smaller than the CALIOP and MODIS observations (AOD=0.21 and 0.24, 665 

respectively). This may suggest possible underestimate of biomass burning emissions by 666 

GOCART model. On the other hand for SON 2007, the agreement between CALIOP and 667 

GOCART are reasonably good, except for the altitude of the largest aerosol extinction. 668 

While the CALIOP observation shows the largest extinction at 2 km, the GOCART 669 

model gives the largest extinction near the surface. One probable reason for this 670 
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difference is that the attenuation of CALIOP signal would miss the detection of smoke 671 

near the surface, as discussed in section 2.1. For columnar AOD, both CALIOP and 672 

GOCART are nearly 50% smaller than the MODIS AOD of 0.46. The figure also shows 673 

significant interannual variability of biomass burning emissions in the region. For both 674 

GOCART model and MODIS retrieval, AOD in 2006 is about half of that in 2007. 675 

Previous study also shows that MODIS AOD in 2006 is about a half of that in 2005 676 

[Koren et al., 2007]. The sharp decrease of biomass burning emission in 2006 is linked to 677 

the implementation of a tri-national policy on burning control in the region [Koren et al., 678 

2007]. However, CALIOP reveals a much smaller interannual variability, with AOD 679 

being 33% lower in 2006 than 2007, which would at least be linked partly to the 680 

uncertainty associated with laser attenuation by heavy smoke. The stronger attenuation of 681 

laser makes the smoke in the ABL less detectable by lidar in 2007, as corroborated by the 682 

elevation of height of maximum extinction from about 0.5 km in 2006 to 2 km in 2007.  683 

 684 

5.  Summary and conclusions 685 

We have performed an analysis of three-dimensional distributions of seasonal 686 

average aerosol extinction at 532 nm by using CALIPSO lidar measurements in cloud-687 

free nighttime conditions from June 2006 to November 2007. CALIOP measurements of 688 

aerosol extinction are compared with GOCART model simulations and MODIS AOD 689 

observations. Our analysis shows reasonably good agreements between satellite 690 

observations and model simulations, including: 691 
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1. In general, CALIOP observations of geographical patterns and seasonal 692 

variations of aerosol optical depth are consistent with GOCART 693 

simulations and MODIS retrievals, in particularly in source regions.  694 

2. Both CALIOP observation and GOCART model show that the aerosol 695 

extinction scale heights in dust and smoke source regions are higher 696 

than that in industrial pollution source regions, though the scale height 697 

calculated by GOCART model is consistently higher than CALIOP 698 

observation. 699 

3. Satellite observations and model simulations give a generally 700 

consistent characterization of both magnitude and altitude of trans-701 

Atlantic transport of Saharan dust.  702 

4. CALIOP observation and GOCART model agree in the estimated 703 

magnitude and seasonal variations of Saharan dust contribution to the 704 

aerosol extinction in the Sahel region.  705 

5. For the aerosol lidar ratio, CALIOP observation generally agrees with 706 

GOCART model within 30%, except over Indian subcontinent and in 707 

the marine ABL of northwestern Pacific and mid-latitude North 708 

Atlantic during some seasons. The best agreement occurs in biomass 709 

burning regions.  710 

Several major differences between satellite observations and GOCART model are 711 

also identified, including:   712 

1. Over Indian sub-continent, GOCART model tends to substantially 713 

underestimate the magnitude of aerosol extinction, as compared to 714 
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MODIS and CALIOP retrievals and AERONET measurements.  715 

Although CALIOP observations seemingly suggest the underestimate 716 

resulting mainly from the dust aerosol, a robust attribution of 717 

uncertainties to aerosol types requires a better separation of dust from 718 

non-dust aerosol in the future.  719 

2. In dust source regions, GOCART aerosol extinction is generally larger 720 

than CALIOP observation by a factor of 2 or more. This large 721 

difference could result from possible misclassification of heavy dust as 722 

clouds by CALIOP and/or overestimate of dust emissions by GOCART. 723 

With the addition of volume depolarization ratio to the aerosol PDFs of 724 

CALIOP CAD algorithm in the future, the dense dust layers can be 725 

identified.   726 

3. For aerosol outflows from North America and East Asia, CALIOP 727 

observations under cloud-free conditions are much weaker in magnitude 728 

and much more concentrated in the lower atmosphere than that 729 

suggested by GOCART model and MODIS AOD observation. The 730 

differences are likely to result from uncertainties associated with all 731 

datasets. MODIS AOD retrievals may have high bias resulting from 732 

cloud contamination and presence of non-spherical dust. The GOCART 733 

model may overestimate dust emissions and the transport of ABL 734 

aerosol to the FA. For CALIOP measurements, one probable reason is 735 

that current aerosol classification algorithm tends to misclassify ABL 736 

outflow of dense and spherical continental aerosol as marine aerosol 737 
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and hence substantially underestimate extinction because of the 738 

assignment of too low lidar ratio. Another probable reason is that 739 

CALIOP’s cloud-free observations, limited by the 16-day repeating 740 

cycle and high cloudiness in the regions, may have missed some 741 

important transport events associated with cloud systems, because mid-742 

latitude cyclones are the most effective mechanism that pumps ABL 743 

aerosol to the free atmosphere for the subsequent intercontinental 744 

transport.  745 

4. Over tropical biomass burning regions, GOCART model simulates 746 

higher aerosol loading in Sahel in winter but lower aerosol loading over 747 

South America in austral spring of 2006 than satellite observations. 748 

Year-to-year variations of biomass burning smoke over South America 749 

and southeastern Asia as revealed by CALIOP observations are 750 

generally much smaller than that suggested by the GOCART model and 751 

MODIS retrieval, which would be partly linked to more undetectable 752 

ABL smoke due to stronger laser attenuation in heavier smoke year.  753 

Future efforts are needed to extend current analysis to above-cloud aerosol 754 

extinction profiles that are essential to estimating the aerosol direct radiative forcing in 755 

cloudy conditions. Possible daytime and nighttime differences in aerosol extinction 756 

profile need to be examined. In the future, a more robust separation of dust from non-dust 757 

aerosol is needed, such as the use of PDR to partition the extinction of detected aerosol 758 

layer into dust and non-dust components in dust-pollution mixture regions. This would be 759 

extremely helpful in effectively guiding the improvement of model simulations. Built on 760 
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detail analysis of CALIOP and GOCART extinction profiles, much effort is needed to 761 

extend previous MODIS-GOCART integration framework [Yu et al., 2003] by 762 

incorporating CALIOP measurements of vertical profiles and hence to achieve 763 

observation-based estimates of altitude-resolved aerosol direct radiative forcing.  764 
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Figure Captions 955 

Figure 1: Fractional error of aerosol optical depth, δτ/τ, resulting from fractional error of 956 

lidar ratio (Fs=δS/S) (following analysis of Winker et al, 2009).  957 

 958 

Figure 2: Cumulative frequency of AOD difference [d(AOD)] due to using different 959 

thresholds of CAD score to screen the CALIOP data, with blue line representing 960 

difference between CAD<-90 and CAD<-50 and red line for difference between CAD<-961 

20 and CAD<-50. The AOD differences are calculated from grid (5°x4°) and seasonal 962 

average CALIOP AOD on a global scale and over the 18-month period from June 2006 963 

to November 2007.  964 

 965 

Figure 3: 12 sections selected for regional analysis in this study, covering source regions 966 

of dust (NAF and WCN), biomass burning smoke (SAF, SAM, and SEA), and industrial 967 

pollution (EUS, and WEU, ECN, and IND), as well as outflow regions downwind of 968 

major dust and industrial pollution sources (CAT, NAT, and NWP). 969 

 970 

Figure 4: Distributions of the number of nominally cloud-free profiles sensed by 971 

CALIOP within each 5°x4° grid during MAM 2007 (top) and SON 2007 (bottom).  972 

 973 

Figure 5: Distributions of seasonal average AOD in cloud-free conditions in (a) MAM 974 

2007, and (b) SON 2007. GOCART simulations and MODIS retrievals are sampled along 975 

CALIPSO tracks. 976 

 977 

Figure 6:  Global patterns of seasonal average scale height (km, above the ground level) 978 

of aerosol extinction in cloud-free conditions derived from CALIOP observations and 979 

GOCART simulations. 980 

 981 

Figure 7: Profiles of seasonal average aerosol extinction coefficient (km-1) and lidar ratio 982 

(sr) from CALIOP observation and GOCART model, as well as comparisons of columnar 983 

AOD between CALIOP (CAL), GOCART (GOC), and MODIS (MOD) over the eastern 984 
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U.S. (EUS). Values of aerosol scale height (H) and optical depth (τ) are listed in the 985 

extinction profile plots, with subscript C and G representing CALIOP and GOCART 986 

respectively. Orange and blue shaded area in extinction profile and AOD plots represents 987 

contribution of dust and non-dust aerosol, respectively.  988 

 989 

Figure 8: same as Figure 7, but over the eastern China (ECN). 990 

 991 

Figure 9: same as Figure 7, but over the Indian subcontinent (IND). 992 

 993 

Figure 10: same as Figure 7, but over North Africa and Arabian Peninsula (NAF). Note 994 

that because of missing MODIS retrievals over deserts, MODIS AOD is not directly 995 

comparable to CALIOP and GOCART averages. 996 

 997 

Figure 11: same as Figure 7, but over the central Atlantic (CAT). 998 

 999 

Figure 12: same as Figure 7, but over the northwestern Pacific (NWP). 1000 

 1001 

Figure 13: same as Figure 7, but over the southern Africa (SAF). 1002 

 1003 

Figure 14: same as Figure 7, but over South America (SAM) and for SON 2006 and 1004 

SON 2007.    1005 

 1006 
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Figures 1007 

 1008 

 

Figure 1: Fractional error of aerosol optical depth, δτ/τ, resulting from 

fractional error of lidar ratio (Fs=δS/S) (following analysis of Winker et al, 

2009).  
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 1012 

 

 
Figure 2: Cumulative frequency of AOD difference [d(AOD)] due to using 

different thresholds of CAD score to screen the CALIOP data, with blue line 

representing difference between CAD<-90 and CAD<-50 and red line for 

difference between CAD<-20 and CAD<-50. The AOD differences are 

calculated from grid (5°x4°) and seasonal average CALIOP AOD on a global 

scale and over the 18-month period from June 2006 to November 2007.   
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 1016 

 

Figure 3: 12 sections selected for regional analysis in this study, 

covering source regions of dust (NAF and WCN), biomass burning 

smoke (SAF, SAM, and SEA), and industrial pollution (EUS, and 

WEU, ECN, and IND), as well as outflow regions downwind of major 

dust and industrial pollution sources (CAT, NAT, and NWP).   
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 1019 

 

 
Figure 4: Distributions of the number of 

nominally cloud-free profiles sensed by CALIOP 

within each 5°x4° grid during MAM 2007 (top) 

and SON 2007 (bottom).  
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(a) 

 

(b) 

 
Figure 5: Distributions of seasonal average AOD in cloud-free conditions in (a) MAM 

2007, and (b) SON 2007. GOCART simulations and MODIS retrievals are sampled along 

CALIPSO tracks.  
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Figure 6:  Global patterns of seasonal average scale height (km, above the ground level) 

of aerosol extinction in cloud-free conditions derived from CALIOP observations (left) 

and GOCART simulations (right).  
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 1028 

 
Figure 7: Profiles of seasonal average aerosol extinction coefficient (km-1) and lidar 

ratio (sr) from CALIOP observation and GOCART model, as well as comparisons of 

columnar AOD between CALIOP (CAL), GOCART (GOC), and MODIS (MOD) over 

the eastern U.S. (EUS). Values of aerosol scale height (H) and optical depth (τ) are 

listed in the extinction profile plots, with subscript C and G representing CALIOP and 

GOCART respectively. Orange and blue shaded area in extinction profile and AOD 

plots represents contribution of dust and non-dust aerosol, respectively.   
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Figure 8: same as Figure 7, but over the eastern China (ECN). 
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Figure 9: same as Figure 7, but over the Indian subcontinent (IND). 

1031 



Global View of Aerosol Vertical Distributions 

 53 

 1031 

 
Figure 10: same as Figure 7, but over North Africa and Arabian Peninsula (NAF). Note 

that because of missing MODIS retrievals over deserts, MODIS AOD is not directly 

comparable to CALIOP and GOCART averages.   
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Figure 11: same as Figure 7, but over the central Atlantic (CAT). 
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Figure 12: same as Figure 7, but over the northwestern Pacific (NWP). 
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Figure 13: same as Figure 7, but over the southern Africa (SAF). 
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Figure 14:  same as Figure 7, but over South America (SAM) and for SON 2006 and 

SON 2007.  

 1036 
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Online Supplementary Material  9 

 10 

The study examines seasonal average extinction profiles, dust and non-dust 11 

aerosol separately, over 12 sections representing distinct aerosol regimes, as defined in 12 

Figure 2 of the paper. Although similar plots are made for all regions, for conciseness our 13 

discussion has been focused on 8 representative regions. This supplementary material 14 

collects the similar plots over other 4 regions, namely West Europe (WEU, Figure S1), 15 

the western China (WCN, Figure S2), northern Atlantic (NAT, Figure S3), and Southeast 16 

Asia (SEA, Figure S4). Table S1 and S2 summarizes comparisons of seasonal and 17 

regional average AOD and scale height, respectively, between CALIOP, GOCART, and 18 

MODIS over the whole 18-month period (from June 2006 to November 2007) and all 12 19 

sections. 20 

21 



 2 

 21 

 
Figure S1: Profiles of seasonal average aerosol extinction coefficient (km-1) and lidar 

ratio (sr) from CALIOP observation and GOCART model, as well as comparisons of 

columnar AOD between CALIOP (CAL), GOCART (GOC), and MODIS (MOD) over 

West Europe (WEU). Values of aerosol scale height (H) and optical depth (τ) are listed in 

the extinction profile plots, with subscript C and G representing CALIOP and GOCART 

respectively. Orange and blue shaded area in extinction profile and AOD plots represents 

contribution of dust and non-dust aerosol, respectively.   
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 23 

 
Figure S2: same as Figure S1, but over the western China (WCN). Note that because of 

missing MODIS retrievals over deserts, MODIS AOD is not directly comparable to 

CALIOP and GOCART averages. 
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Figure S2: same as Figure S1, but over the northern Atlantic (NAT).  
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Figure S4: same as Figure S1, but over Southeast Asia (SEA).  
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 29 

 30 

31 

Table S1: Seasonal and 18-month average AODs derived from CALIOP, GOCART, and MODIS over 
the 12 sections. Note that over NAF and WCN, the MODIS numbers are averages over a small portion 
of the regions because of missing MODIS retrievals over bright deserts and hence is not directly 
comparable to the CALIOP and GOCART averages. 

Regions   JJA  
2006 

SON 
2006 

DJF 
2007 

MAM 
2007 

JJA 
2007 

SON 
2007 

18-month 
average 

CALIOP 0.16 0.06 0.03 0.10 0.16 0.09 0.10 
GOCART 0.13 0.10 0.06 0.17 0.15 0.11 0.12 EUS 
MODIS 0.27 0.10 0.09 0.20 0.28 0.13 0.18 
CALIOP 0.05 0.06 0.07 0.05 0.06 0.05 0.06 

GOCART 0.10 0.09 0.08 0.16 0.13 0.09 0.11 NAT 
MODIS 0.16 0.15 0.15 0.24 0.23 0.12 0.18 
CALIOP 0.16 0.10 0.06 0.14 0.16 0.10 0.12 

GOCART 0.22 0.17 0.11 0.23 0.21 0.17 0.18 WEU 
MODIS 0.22 0.13 0.12 0.20 0.21 0.14 0.17 
CALIOP 0.40 0.37 0.29 0.37 0.33 0.34 0.35 

GOCART 0.27 0.17 0.17 0.23 0.24 0.18 0.21 IND 
MODIS 0.79 0.37 0.34 0.37 0.66 0.37 0.48 
CALIOP 0.26 0.26 0.25 0.26 0.25 0.23 0.25 

GOCART 0.38 0.34 0.23 0.41 0.38 0.29 0.34 ECN 
MODIS 0.47 0.45 0.40 0.51 0.48 0.36 0.45 
CALIOP 0.10 0.09 0.09 0.14 0.09 0.09 0.10 

GOCART 0.27 0.16 0.12 0.29 0.26 0.17 0.21 NWP 
MODIS 0.22 0.17 0.21 0.36 0.19 0.17 0.22 
CALIOP 0.15 0.10 0.05 0.16 0.13 0.09 0.11 

GOCART 0.30 0.23 0.13 0.33 0.36 0.22 0.26 WCN 
MODIS 0.40 0.34 0.37 0.43 0.45 0.32 0.38 
CALIOP 0.30 0.16 0.12 0.23 0.27 0.18 0.21 

GOCART 0.45 0.33 0.34 0.47 0.43 0.47 0.42 NAF 
MODIS 0.53 0.28 0.26 0.45 0.46 0.32 0.38 
CALIOP 0.21 0.17 0.19 0.20 0.19 0.17 0.19 

GOCART 0.24 0.16 0.29 0.22 0.21 0.16 0.21 CAT 
MODIS 0.34 0.24 0.28 0.35 0.30 0.22 0.28 
CALIOP 0.24 0.24 0.25 0.14 0.24 0.26 0.23 

GOCART 0.18 0.20 0.40 0.14 0.17 0.22 0.22 SAF 
MODIS 0.23 0.23 0.25 0.19 0.22 0.24 0.23 
CALIOP 0.11 0.21 0.12 0.03 0.14 0.27 0.15 

GOCART 0.09 0.12 0.12 0.06 0.13 0.25 0.13 SAM 
MODIS 0.09 0.25 0.15 0.08 0.12 0.47 0.19 
CALIOP 0.09 0.16 0.13 0.09 0.08 0.16 0.12 

GOCART 0.07 0.16 0.10 0.08 0.06 0.10 0.09 SEA 
MODIS 0.14 0.22 0.18 0.15 0.12 0.19 0.17 
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Table S2: Seasonal average aerosol scale height (km, above ground level) 
derived from CALIOP and GOCART over the12 sections.  

Regions   JJA  
2006 

SON 
2006 

DJF 
2007 

MAM 
2007 

JJA 
2007 

SON 
2007 

CALIOP 2.0 1.4 1.1 1.8 2.0 1.4 EUS 
GOCART 2.7 2.5 3.4 4.2 3.1 2.5 
CALIOP 1.5 1.5 1.1 1.4 1.8 1.2 NAT GOCART 3.2 3.1 2.8 4.9 3.7 3.1 
CALIOP 2.0 1.3 1.0 1.6 2.0 1.4 WEU 

GOCART 2.7 2.3 2.5 3.5 2.9 2.4 
CALIOP 2.3 1.6 1.4 2.3 2.1 1.5 IND GOCART 2.6 2.0 1.8 2.2 2.4 2.1 
CALIOP 2.0 1.7 1.3 2.0 1.9 1.5 ECN 

GOCART 2.4 2.1 2.1 2.8 2.4 2.2 
CALIOP 2.0 1.5 1.4 2.3 2.0 1.6 NWP GOCART 3.2 3.5 3.7 4.3 3.4 3.8 
CALIOP 2.4 1.9 1.2 2.2 2.3 1.7 WCN 

GOCART 2.7 2.2 2.0 2.5 2.7 2.1 
CALIOP 2.8 2.1 1.5 2.4 2.7 2.2 NAF GOCART 3.0 2.4 1.5 2.6 3.2 2.6 
CALIOP 2.4 1.7 1.3 1.6 2.2 1.6 CAT 

GOCART 3.1 2.4 1.7 2.2 3.1 2.5 
CALIOP 2.1 2.1 2.0 2.1 1.9 2.3 SAF GOCART 2.3 2.2 2.2 2.5 2.0 2.6 
CALIOP 1.7 1.9 1.6 1.4 1.7 2.4 SAM 

GOCART 2.4 2.6 2.5 2.1 2.3 2.6 
CALIOP 1.5 1.9 1.5 1.4 1.4 1.9 SEA GOCART 1.8 2.3 1.9 1.9 1.7 2.1 


